This paper presents an analysis on magnetic-elasto-plastic buckling and bending of a ferromagnetic rectangular plate with simple supports in applied magnetic fields. A numerical code is built to quantitatively simulate the characteristics of the magnetic-elasto-plastic nonlinear coupling problem by using a finite element method. The numerical results indicate that deformation of a ferromagnetic plate with elastic-plastic deformation is larger than that only with the elastic deformation. The incident angle of the applied magnetic field plays an important role in the deformation of the ferromagnetic rectangle plate: not only affects the magnitude of the deformation; but also the mode of the deformation. The configurations and plastic regions of ferromagnetic rectangular plates for different magnitude of the applied magnetic field are simulated and displayed as well.
Introduction
As the extensive applications of electromagnetic materials and structures in modern high technology, the understanding of the magnetic-elasto-plastic behaviors of the ferromagnetic structures in the magnetic field is quite useful in engineering applications, for example, in the safe design and control of fusion reactors, and the electro-magnetic formation processing for ferromagnetic materials.
Moon and Pao 1 investigated the magneto-elastic buckling of a ferromagnetic beamplate for the first time. After that, the magneto-mechanics interaction and coupling problem for ferromagnetic structures attracts many researchers and practitioners in this † Corresponding Author.
and neighboring fields [2] [3] [4] [5] [6] . However, most of these previous studies are focused on the scope of elastic deformation. As the authors knowledge wide, except Zhou et al. 7 , Gao et al. 8 , there is few research works conducted for magnetic-elasto-plastic behaviors of ferromagnetic structures materials since the problem is much more complex and difficult to get analysis results for the behaviors. In this paper, we simulated the magnetic-elastoplastic buckling and bending of ferromagnetic rectangular plate structures with the simple supports. Some numerical results are displayed in the form of characteristic curves of deformation, configuration and residual deformation. 
Fundamental Equations

Governing equations for ferromagnetic rectangular plate
Consider a soft ferromagnetic rectangular thin plate with the length, a, the width, b, and the thickness, h, in an applied magnetic field B 0 with the incident angle θ, as shown in Fig.   1 (a). When the incident angle equals to zero, we refer to the plate as being in a transverse magnetic field, otherwise, in an oblique magnetic field. According to the bending theory of plate, the governing equation for ferromagnetic plate can be written as follows:
where , , 
em z q x y is an equivalent magnetic force exerted in the middle plane of plate expressed as 
Generalized yield criteria for ferromagnetic rectangular plate
The constitutive curve of the material employed is shown in Fig. 1(b) , in which we denote the Young's modulus by Y, the hardening parameter by H ′ , which governs the expansion of the yield surface, and the yield stress by s σ .
For a linear-strain-hardening material, the Mises yield criterion is
where σ , p ε are the effective stress and strain respectively.
According to the flow rule of plasticity, the elasto-plastic incremental stress-strain relation can be described as
with
where { } ( , , )
Finite Element Formulation
The incremental finite element formulation for elasto-plastic deformation
According to the principle of virtual work 10 , the incremental equilibrium equations in the i -th load step can be expressed as follows
{ ( )} R + ∆ H is the increment of load, which is related to the magnetic field
is the tangent stiffness, which can be obtained from Eq. (5).
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Based on Eq. (6) and (7), the vector of deflection u, strain and stress , of a ferromagnetic plate with elastic-plastic deformation can be easily obtained.
Finite element formula for three dimension magnetic field
For linear electromagnetic materials, the magnetic energy functional of a ferromagnetic rectangular plate can be described as follows 6 : With solving Eq. (9), one can easily obtain , ,
H H H and then the equivalent magnetic force exerted in the middle plane of ferromagnetic plate of Eq. (2) can be obtained.
Numerical Results and Discussion
According to the formulation and approaches introduced above, some numerical results are provided in this section. In simulation, the material and geometric parameters of ferromagnetic rectangular plate are set as Young's modulus ) is shown in Fig. 2(b) . It can be found only in the transverse magnetic field ( 0 ) o θ = that the buckling phenomenon of a ferromagnetic plate take place. In an oblique magnetic field, the mode of deformation is only bending. As shown in Fig. 2 , the deflection of a ferromagnetic rectangular plate increases with the Fig . 3 displays the configuration of a ferromagnetic rectangular plate in the transverse magnetic field and the oblique magnetic fields respectively. Fig. 4 shows the comparison of deflection curves at point ( / 4, 4 / 5) a b of in the middle plane of a plate with plastic deformation versus those with elastic deformation (The symbols e and p presents the results for elastic and elasto-plastic, respectively). As shown in Fig. 4 , the deflection of ferromagnetic plate with elastic-plastic deformation is obviously larger than those with elastic deformations. The critical value of applied magnetic field for plastic yield of a ferromagnetic rectangular plate, which is corresponding to the separation point of the elastic curves and the elastic-plastic curves for the same incident angle of applied magnetic field, can be observed clearly. Comparison of the deflection of the plate with elastic deformation versus the elastic-plastic deformation.
Conclusion
This paper gives a quantitative simulation on the magnetic-elasto-plastic buckling and bending of a ferromagnetic rectangular plate with simple supports, some characteristic curves of magnetic-elasto-plastic buckling, bending, and configurations are presented. 
